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ABSTRACT 16 
Of the few predicted extracellular glycan-active enzymes, glycoside hydrolase family 13 subfamily 17 
14 (GH13_14) pullulanases are the most common in human gut lactobacilli. These enzymes share a 18 
unique modular organization, not observed in other bacteria, featuring a catalytic module, two 19 
starch binding modules, a domain of unknown function, and a C-terminal surface layer association 20 
protein (SLAP) domain. Here we explore the specificity of a representative of this group of 21 
pullulanases, LaPul13_14 and its role in branched α-glucans metabolism in the well characterized 22 
Lactobacillus acidophilus NCFM that is widely used as a probiotic. Growth experiments of L. 23 
acidophilus NCFM on starch-derived branched substrates revealed preference for α-glucans with 24 
short branches of about two to three glucosyl moieties over amylopectin with longer branches. Cell-25 
attached debranching activity was measurable in the presence of α-glucans but was repressed by 26 
glucose. The debranching activity is conferred exclusively by LaPul13_14 and is abolished in a 27 
mutant strain lacking a functional LaPul13_14 gene. Hydrolysis kinetics of recombinant 28 
LaPul13_14 confirmed the preference for short branched α-glucan oligomers consistent with the 29 
growth data. Curiously, this enzyme displayed the highest catalytic efficiency and the lowest Km 30 
reported for a pullulanase. Inhibition kinetics revealed mixed inhibition by β-cyclodextrin 31 
suggesting the presence of additional glucan binding sites besides the active site of the enzyme, 32 
which may contribute to the unprecedented substrate affinity. The enzyme also displays high 33 
thermostability and higher activity in the acidic pH range reflecting adaptation to the 34 
physiologically challenging conditions in the human gut. 35 
IMPORTANCE 36 
Starch is one of the most abundant glycans in human diet. Branched α-1,6-glucans in dietary starch 37 
and glycogen are non-degradable by human enzymes and constitute a metabolic resource for the gut 38 
microbiota. The role of health-beneficial lactobacilli prevalent in the human small intestine in starch 39 
metabolism remains unexplored in contrast to colonic bacterial residents.  40 
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This study highlights the pivotal role of debranching enzymes in the break-down of starchy 41 
branched α-glucan oligomers (α-limit dextrins) by human gut lactobacilli exemplified by 42 
Lactobacillus acidophilus NCFM, which is one of the best characterized strains used as probiotics.  43 
   Our data bring novel insight into the metabolic preference of L. acidophilus for α-glucans with 44 
short α-1,6-branches. The unprecedented affinity of the debranching enzyme that confers growth on 45 
these substrates reflects its adaptation to the nutrient-competitive gut ecological niche and 46 
constitutes a potential advantage in cross-feeding from human and bacterial dietary starch 47 
metabolism.  48 
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INTRODUCTION 49 
The human gastrointestinal tract is inhabited by a vast, diverse and dynamic microbial community 50 
(1), which is shaped by competition amongst the different taxa and selection by the host. Firmicutes 51 
and Bacteroidetes are the prevalent bacterial phyla of the human gut microbiota (HGM), followed 52 
by Actinobacteria, Proteobacteria and Verrucomicrobia in healthy adults (2). This microbial 53 
community provides protection against enteric pathogens and endows the host with metabolic 54 
activities that are not encoded in the human genome. More importantly, the interplay between diet 55 
and the HGM is currently recognized as a major effector of the composition of this community (2, 56 
3) and as a negotiator of human metabolism (4, 5). A key feature of the HGM is the ability to 57 
harvest energy from both host-derived and dietary glucans, particularly those resistant to digestion 58 
by human enzymes (6). Consequently differential glycan metabolism is a key affecter of the 59 
microbiota composition (7).  60 
   Starch is the most abundant glycan in human diet. This polysaccharide is a composite of two α-61 
glucans: the linear α-1,4-glucan amylose, and amylopectin, which possesses approximately 5% α-62 
1,6-branch points with average branch lengths of 18‒25 glucosyl moieties (8). Starch occurs 63 
naturally as supramolecular insoluble granules with semi-crystalline regions (8). These granules 64 
differ in size, structural properties as well as digestibility by bacterial and human enzymes. Humans 65 
digestive enzymes mainly target the α-1,4-glucosidic bonds, but are less efficient in hydrolyzing α-66 
1,6-branches in starch (9). The digestibility of starch varies considerably based on botanical origin, 67 
crystal-packing and processing (10). Significant amounts of dietary starch escape digestion in the 68 
upper gastrointestinal tract (resistant starch, RS) (11) and are fermented in the colon by members of 69 
the gut microbiota (12–15). The small intestine, however, is dominated by bacteria from the Gram-70 
positive Lactobacillaceae and the Gram-negative Enterobacteriaceae families (16). The former 71 
family contains human gut adapted lactobacilli from the L. acidophilus group, many strains of 72 
which are used as probiotics (17).  73 
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   The ability of health beneficial bacteria from the Lactobacillus genus to grow on starch is limited 74 
to a handful of strains that grow on the soluble, but not granular starch (18, 19). Growth on short 75 
starch-derived malto-oligosaccharides (α-gluco-oligosaccharides), however, is well established 76 
within this genus. Interestingly, a RS-rich diet appeared to boost the numbers of lactobacilli and 77 
lactate production in the distal colon in rodent models (20, 21). A recent human study in rural 78 
Malawi children showed a similar increase in lactobacilli after RS intake (22). A possible 79 
explanation of these observations is cross-feeding on short α-glucans that are produced by primary 80 
starch degraders (14, 23). Cross-feeding requires efficient capture and transport systems and 81 
intracellular degrading enzymes reported to be conserved in this genus (24). The intracellular α-82 
glucoside utilization machinery of acidophilus group lactobacilli (17) is relatively well understood 83 
(24–26). By contrast, the extracellular α-glucanolytic capabilities within this group of bacteria 84 
associated with a healthy gut microbiota are currently unexplored. 85 
   The commercial strain Lactobacillus acidophilus NCFM, which is used as probiotic, is among the 86 
best-studied of this taxonomic group (17). The genome of L. acidophilus NCFM (27) encodes nine 87 
enzymes of glycoside hydrolase family 13 (GH13), which harbors α-glucan active enzymes 88 
according to the CAZy database (28). The only predicted α-glucan active extracellular enzyme, 89 
however, is a pullulanase-type α-glucan debranching enzyme. This enzyme is multi-modular 90 
comprising an N-terminal starch binding domain of carbohydrate binding module family 41 91 
(CBM41), followed by a domain of unknown function, a CBM48 domain, a GH13 subfamily 14 92 
(GH13_14) catalytic module (28) and a C-terminal surface layer association protein (SLAP) (28, 93 
29) (Fig. 1). Pullulanases catalyze hydrolysis of α-1,6-linked branches in glycogen, amylopectin 94 
and other starch derived glucans, as well as pullulan (Fig. 2) (30–32). 95 
   In this study, we show that extracellular cell-attached pullulanase activity can be measured upon 96 
growth of L. acidophilus NCFM on a range of oligomeric and polymeric α-glucans, whereas this 97 
activity is repressed upon growth on glucose. We also establish the exclusive role of the 98 
debranching enzyme LaPul13_14 in the degradation of branched α-glucans in this bacterium. The 99 
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catalytic and binding properties of the recombinant LaPul13_14 were investigated showing 100 
unprecedented substrate affinity and a clear preference towards short-branched α-glucan oligomers 101 
as compared to amylopectin. These findings are consistent with the growth profile of L. acidophilus 102 
NCFM. Together, these findings highlight the role of LaPul13_14 and its homologues in mediating 103 
the utilization of branched oligomers derived from starch degradation in the human gut. 104 
 105 
MATERIALS AND METHODS 106 
Materials. High-purity (>95%) chemicals and commercial enzymes were from Sigma-Aldrich, 107 
MO, USA, unless otherwise stated. Pullulan (>95%) and β-limit dextrin (>97%) were from 108 
Megazyme (Bray, Ireland). The maltotetraose used for the growth/induction experiment was an in-109 
house preparation (purity >92%; impurity was maltotriose). The branched α-limit dextrin used for 110 
the kinetic analysis (kind gift from the late Bent S. Enevoldsen) comprises a mixture of two 111 
isomers: 6
2
-α-D-maltosyl-maltotriose and α-D-glucosyl-maltotetraose. 112 
   Bioinformatics analysis. Sequences of LaPul13_14 homologues were extracted from the 113 
Carbohydrate-Active Enzymes database (CAZy; www.cazy.org) (28) using the CAZy tools 114 
provided by Alexander Holm Viborg (http://research.ahv.dk). Domain organisation of the protein 115 
sequences was analysed using a combination of batch searches in the Conserved Domain Database 116 
(29) and search in the Pfam protein families database (33). Identification of putative extracellular 117 
enzymes was done based on predictions from the SignalP 4.1 Server (34). 118 
   Growth experiments. L. acidophilus NCFM was grown on glucose, maltose, maltotriose, 119 
maltotetraose, a mixture of glucose and maltose (1:1 based on weight), β-limit dextrin, 120 
amylopectinor pullulan.  Growth was performed in 14 ml semi-defined medium (SDM) (35) with 121 
0.5% (w/v) carbohydrate in 15 ml conical culture tubes, which were inoculated with an overnight 122 
culture previously grown on SDM supplemented with 1% (w/v) glucose to an optical density at 600 123 
nm (OD600) of 0.1 (0.04 as measured on 200 µl culture in a 96-well plate using a microplate reader). 124 
The cultures were incubated at 37°C and 200 µl samples were withdrawn every 1–2 hours for OD600 125 
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measurements. When the cultures reached late log-phase (after approx. 10 h), 2 × 1 ml samples per 126 
culture were collected and spun down (20,000 × g, 10 min, 4°C) and the cells and supernatant were 127 
assayed for enzymatic acitivity (see below). The growth experiments of the LaPul13_14 deletion 128 
mutant (LBA1710, see below) were performed in a similar manner on glucose and maltose and all 129 
growth experiments were performed in duplicates. The supernatants from the growth experiments 130 
were assayed for pullulanase activity using the standard reducing sugar assay described below, 131 
whereas the cells were washed twice with 0.9% NaCl before measurements of pullulanase activity 132 
(described below).  133 
Additional growth experiments were performed to compare the growth of L. acidophilus NCFM to 134 
L. acidophilus DSM-20242, which possesses identical organization of the maltodextrin utilization 135 
cluster as L. acidophilus NCFM and is used as a control, and L. acidophilus DSM-9126, which 136 
possesses a typical maltrodextrin utilization locus and lacks the inserted transposase present in both 137 
L. acidophilus NCFM and DSM-20242. Anaerobically grown cultures in MRS were transferred 138 
once in SDM with1% glucose (anaerobic), and the resulting cultures were used to inoculate (1% or 139 
equivalent cell density for weaker-growing strains) the SDM-based growth media (0.5% 140 
carbohydrate source, 200 μL per well, in duplicate wells and conditions). Growth was monitored 141 
with a microtiter plate reader for 60 h.  142 
   Maltooligosaccharide uptake. L. acidophilus NCFM was grown on a total of 0.5% (w/v) 143 
mixture of maltose, maltotriose, and maltotetraose (1:1:1 based on weight) as described above. 144 
Samples were collected during growth for OD600 measurements and oligosaccharide analysis, which 145 
was performed as follows: 1 ml sample was spun down (20,000 × g, 10 min, 4°C), 80 µl 146 
supernatant was diluted 100-fold in 0.1 M NaOH and sterile filtered through pre-rinsed (with 147 
milliQ) 30 kDa filters (Amicon Ultra spin filters; Millipore, MA, USA) before the content of 148 
maltose, maltotriose and maltotetraose was analysed using high performance anion exchange 149 
chromatography with pulsed amperometric detection (HPAEC-PAD) using an ICS3000 system, 150 
equipped with CarboPac PA200 anion exchange column (Dionex Corporation, Sunnyvale, CA) 151 
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using a 2-step sodium acetate gradient (0–7 min: 37.5–75 mM and 7–30 min: 75–300 mM) and a 152 
constant concentration of 0.1 M NaOH at 25°C at 0.35 ml min
-1
. After each run the column was 153 
regenerated with a constant concentration of 0.1 M NaOH and 400 mM sodium acetate for 5 min, 154 
followed by a gradient from 400 mM to 37.5 mM sodium acetate over 5 min, and finally an 155 
equilibration with 37.5 mM sodium acetate and 0.1 M NaOH for 5 min. 156 
   Construction of LBA1710 (LaPul13_14) deletion mutant. The 3,555-bp lba1710 gene 157 
encoding the LaPul13_14 in L. acidophilus NCFM was deleted using a upp-based counterselective 158 
gene replacement system (36). Briefly, a 3,489-bp in-frame deletion (98% of gene) within lba1710 159 
was constructed by first PCR-amplifying the 629-bp and 646-bp DNA segments flanking the 160 
upstream and downstream of the lba1710 deletion target, respectively, using primer pairs 1710-161 
1/1710-2 (5’-GTAATAGGATCCACAACAAGCTCAAGGGATTCA-3’ / 5’-162 
AACACCTTTTGTTCCCCA-3’) and 1710-3/1710-4 (5’-163 
TGGGGAACAAAAGGTGTTGCAGTGAATGTTGTTATTGAAG-3’ / 5’- 164 
TTAGTAGAATTCCTTGAGGGAGCTCAACTTTC-3’) (restriction sites were underlined), with 165 
PfuUltraII HS DNA Polymerase (Agilent Technologies, California, USA). Both purified PCR 166 
products were fused and amplified to generate copies of lba1710 allele via splicing by overlap 167 
extension PCR (SOE-PCR) (37), using 10 ng of each PCR product as amplification templates in a 168 
50-µL PCR reaction with primer pair 1710-1/1710-4 (see above). Purified SOE-PCR products 169 
(1,275 bp) were digested with BamHI and EcoRI and ligated into compatible ends of pTRK935 170 
counterselectable integration vector. Construction of the resulting recombinant integration plasmid 171 
containing the lba1710 allele, designated pTRK1085, and the recovery of plasmid-free double 172 
recombinants with 5-fluorouracil were performed as described previously (36, 38). Double 173 
recombinants with lba1710 allele were screened by colony PCR using primer pair 1710-1/1710-4. 174 
In-frame deletion and sequence integrity were confirmed by PCR and DNA sequencing using 175 
primer pair 1710-5/1710-6 (5’-TGAGCAAGTTAGCGCATCTG-3’ / 5’-176 
GCTGGTGTTGCAGAAGTAG-3’), which specifically anneal to the flanking region of the 177 
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lba1710 gene. One of the confirmed lba1710 deletion mutants, designated as NCK2325, was 178 
selected for further studies. 179 
   Production and purification of recombinant LaPul13_14. L. acidophilus NCFM genomic 180 
DNA, prepared as previously described (26), was used to amplify the LaPul13_14 gene (locus tag 181 
number: LBA1710; GenBank accession number AAV43522.1), with the sense primer (5’-182 
CTAGCTAGCGCAGAAACACCAGATGCTGG-3’) and the antisense primer (5’-183 
CCGCTCGAGAGCTTTTACTTCAATAACAACATTC-3’) (restriction sites were underlined). 184 
The PCR amplicon encoding the mature peptide (3,468 bp) lacking the signal peptide (bp 1−105, 185 
corresponding to amino acid residues 1–35, see Fig. 1) was cloned within the NheI and XhoI 186 
restriction sites in pET21a(+) (Novagen, Darmstadt, Germany) and transformed into Escherichia 187 
coli XL10-Gold Ultra-competent cells (Stratagene, California, US) following the manufacturer’s 188 
protocols. Transformants harboring pET21a(+)-LaPul13_14, were selected on LB-agar plates with 189 
100 µg ml
-1
 ampicillin and verified by restriction analysis and full sequencing. E. coli Rosetta 190 
(DE3) cells (Invitrogen, USA) transformed with pET21a(+)-LaPul13_14 were used for production 191 
of the enzyme. 192 
   The enzyme was produced in a 5-liter bioreactor (Biostat B Plus, Sartorius Stedium, Germany) as 193 
described elsewhere (39) with the following modifications: 3.7 liter defined medium was inoculated 194 
to OD600=1.5 with an overnight culture grown in LB medium. The fermentation was carried out at 195 
37°C until OD600=8, before lowering the temperature to 15°C and induction of expression using 100 196 
µM isopropyl-β-D-thiogalactopyranoside. Cells were harvested (6,000 × g, 20 min, 4°C) at 197 
OD600=30.5 after 67 h of induction. The cell pellet was resuspended in buffer A (10 mM HEPES pH 198 
7.4, 25 mM imidazole, 40% glycerol, 0.5 M NaCl, 1 mM CaCl2, 0.005 % (v/v) Triton X-100) and 199 
disrupted by high-pressure homogenization at 1000 bar. Disintegrated cells were treated with 200 
benzonase nuclease (Invitrogen; 30 min at room temperature) and centrifuged twice (40,000 × g, 30 201 
min, 4°C). The supernatant was filtered (0.45 µm) and loaded onto a 5 ml HisTrap HP column (GE 202 
Healthcare, Uppsala, Sweden). After washing with 10 column volumes buffer A including 26 mM 203 
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imidazole, bound protein was eluted with a linear gradient from 3–80% buffer B (10 mM HEPES 204 
pH 7.4, 400 mM imidazole, 40% glycerol, 0.5 M NaCl, 1 mM CaCl2). Fractions containing protein 205 
were pooled and concentrated (30 kDa Amicon Ultra spin filters; Millipore) to 5 ml and loaded onto 206 
a pre-equilibrated HiLoad 26/60 Superdex G200 column (GE Healthcare) and eluted with 50 mM 207 
MES, pH 6.0, 1 mM CaCl2, 20% glycerol, 150 mM NaCl at 0.75 ml min
-1
. Fractions containing 208 
LaPul13_14 were pooled and desalted on a HiPrep 26/10 Desalting column (GE Healthcare) against 209 
1 mM HEPES, pH 7.0. Desalted protein fractions were pooled and loaded onto a Resource Q 210 
column (6 ml; GE Healthcare) equilibrated with 10 mM HEPES, pH 7.0, at a flow rate of 2 ml min
-
211 
1
. Protein was eluted by a linear gradient (from 0–100% in 30 column volumes) of 10 mM HEPES, 212 
pH 7.0, 0.5 M NaCl. Fractions containing LaPul13_14 were pooled, concentrated, and buffer 213 
exchanged (30 kD Amicon Ultra spin filters, Millipore) to 50 mM MES pH 6.0, 20% glycerol, 0.5 214 
mM CaCl2, 150 mM NaCl. The concentration of LaPul13_14 (SDS-PAGE) was determined 215 
spectrophotometrically using a molar extinction coefficient ε280=179,566 M
-1
cm
-1
 as determined by 216 
amino acid analysis (40). 217 
   Enzyme activity assays and kinetics. Determination of specific activity as well as kinetic 218 
parameters of LaPul13_14 was performed using a reducing sugar assay as previously described 219 
(41). In short; 1.1 ml reactions containing substrate (0.225 mg ml
-1
 pullulan for specific activity; 220 
0.02–1 mg ml-1 pullulan, 0.1–10 mg ml-1 potato amylopectin dissolved in 8 % (v/v) DMSO or 221 
0.225–9 mg ml-1 β-limit dextrin for kinetic analysis) and LaPul13_14 (0.05–1.5 nM) in assay buffer 222 
(20 mM sodium acetate pH 5.0, 5 mM CaCl2, 0.005% TritonX-100) were incubated at 37 ˚C and 223 
aliquots (200 μl for pullulan, and 100 µl for amylopectin and β-limit dextrin) were removed at five 224 
time points (3, 6, 9, 12, and 15 min) and added to 500 μl stop solutions (0.4 M sodium carbonate pH 225 
10.7, 2.5 mM CuSO2, 2.5 mM 4,4’-dicarboxy-1,2’-biquinoline, 6 mM L-serine). Milli-Q water was 226 
added to a final volume of 1 ml and A540nm was measured after 30 min incubation at 80°C. The 227 
release of reducing sugars was quantified using a maltose standard. One activity unit (U) is defined 228 
as the amount of enzyme that releases one micromole of maltose reducing-sugar equivalents per 229 
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min from pullulan under assay conditions. The kinetic parameters Km and kcat, were determined by 230 
fitting the Michaelis-Menten equation to the initial velocity data. The data obtained were analyzed 231 
using the Enzyme Kinetics Module 1.0 of the program Sigmaplot 9.01 (Systat Software, Chicago, 232 
IL). Inhibition kinetics of LaPul13_14 by β-cyclodextrin (β-CD) were investigated using pullulan as 233 
substrate. The kinetics assay was done as described above, but with 50 µM β-CD included. The data 234 
obtained was analyzed by fitting competitive, non-competitive, mixed inhibition models to the data 235 
using the Enzyme Kinetics Module 1.0 of the program Sigmaplot 9.01 (Systat Software, Chicago, 236 
IL), and the inhibition kinetics models were ranked based on χ2 of the fits. 237 
   The hydrolysis kinetics parameters of the branched α-limit dextrin mixture described above (five 238 
glucose units, maltosyl branch) by LaPul13_14 were determined using HPAEC-PAD. The starting 239 
reaction volume was 300 µl including branched substrate (0.0625–1 mM) and 0.53 nM LaPul13_14 240 
in 20 mM sodium acetate pH 5.0, 5 mM CaCl2, 0.005% (v/v) TritonX-100. At four time points (3, 241 
6, 9, and 12 min) 60 µl aliquots were drawn and mixed with 15 µl 0.5 M NaOH. The samples were 242 
spun (20,000 × g, 5 min, 4°C) before 65 µl samples were mixed with 65 µl 0.1 M NaOH. The 243 
products were quantified based on peak areas from HPAEC-PAD analysis, which was performed as 244 
described above. 245 
   The described standard reducing sugar assay was also used to determine the pullulanase activity 246 
in the L. acidophilus culture supernatant and in the washed cell pellets, with the following 247 
exceptions: cells from 1 ml culture in the late log phase (see above) were resuspended in 600 µl 248 
preheated (37ºC) pullulan solution (0.4 mg ml
-1
 pullulan, 40 mM sodium acetate pH 5.0, 0.5 mM 249 
CaCl2, 0.005% (v/v) Triton X-100), while 100 ul culture supernatant was mixed with 500 μl 0.48 250 
mg ml
-1
 pullulan solution. Aliquots (100 µl) were drawn after 0, 1, 2, and 3 h. The samples were 251 
spun down at 4°C for 2 min, and 75 µl cell free sample was mixed with 500 µl stop solution (0.4 M 252 
sodium carbonate pH 10.7, 2.5 mM CuSO2, 2.5 mM 4,4’-dicarboxy-1,2’-biquinoline, 6 mM L-253 
serine) and 425 µl milliQ water. As a control, the degradation products from the assay with whole 254 
cells and pullulan were analyzed using thin layer chromatography (TLC). Samples (6 µl) were 255 
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drawn after 0 and 19 h of reaction and spotted directly onto a TLC Silica 60 F254 plate (Merck, 256 
Darmstadt, Germany), developed by isopropanol/ethyl acetate/water (60:20:20, v/v) and sprayed 257 
with 2% (w/v) orcinol in ethanol/H2SO4/water (80:10:10) followed by tarring at 300ºC. The 258 
following standards were included on the gel (1 µl): 20 mM of either glucose, maltose, maltotriose 259 
and panose in water. 260 
   Temperature and pH activity profiles. The reducing sugar assay described above was used for 261 
determining the dependence of initial reaction rates on temperature in the range 7−80°C using 0.46 262 
nM LaPul13_14 and 0.225 mg ml
-1
 pullulan. The dependence of activity on pH in the range 2.0–8.5 263 
was assayed using the reducing sugar assay described above in 20 mM of either glycine (pH 2.0–264 
3.5), sodium acetate (pH 3.5–5.5), MES (pH 5.5–7.0), or HEPES (7.0–8.5) all including 0.5 mM 265 
CaCl2 and 0.005% bovine serum albumin. 266 
   Surface plasmon resonance (SPR) binding analysis of cyclodextrins. The affinity of 267 
LaPul13_14 towards α-, β-, and γ-CD was analyzed using SPR on a BIAcore T100 (GE 268 
Healthcare). Random amine coupling was used to immobilize the enzyme on a CM5 sensor 269 
according to the manufacturer’s protocol using 100 μg ml-1 protein in 10 mM sodium acetate, pH 4, 270 
0.5 mM CaCl2, and 1 mM β-CD to a final chip density of 5477 response units (RU). The analysis 271 
comprised 100 s and 90 s for the association and dissociation phases, respectively, at a flow rate of 272 
30 µl min
-1 
and 25ºC at 19 β-CD concentrations (0.25–1024 µM) as well as 18 α-CD and γ-CD 273 
concentrations (3–5000 µM) all in 10 mM sodium acetate, pH 5.0, 150 mM NaCl, 0.005% (v/v) 274 
P20 surfactant. In the case of β-CD the interaction was analysed at 15ºC and 37ºC in addition to the 275 
25ºC standard analysis. Furthermore, the interaction with β-CD was also analyzed at pH 7.0 in 10 276 
mM HEPES, pH 7.0, 150 mM NaCl, 0.005% P20 surfactant. A one site binding model was fit to the 277 
steady-state response blank and reference cell corrected sensorgrams using the BIA evaluation 278 
software supplied with the instrument. 279 
   Starch binding assay. Barley starch was washed three times in water followed by one time in 280 
assay buffer (40 mM sodium acetate pH 5.0, 0.5 mM CaCl2, 0.005% (v/v) Triton X-100) overnight. 281 
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Fifty microliters of LaPul13_14 diluted to 40 nM in assay buffer and 450 μl of washed starch 282 
suspension in reaction buffer (25, 50, 100, 200 mg ml
-1
) were mixed and shaken vigorously at 4C 283 
for 30 min. The mixture was subsequently centrifuged (20,000 × g, 5 min, 4°C) and 110 μl of 284 
supernatant were used for the standard reducing sugar assay described above using 0.72 mg ml
-1
 285 
pullulan in assay buffer as substrate. Samples were withdrawn at 0 and 10 min and directly 286 
transferred to stop solution and the standard assay protocol was followed. The fraction of enzyme 287 
bound to starch was determined based on the activity in the supernatant relative to an enzyme 288 
sample without starch included. 289 
 290 
RESULTS 291 
L. acidophilus growth on α-glucans and extracellular pullulanase activity. To assess the α-292 
glucan metabolic capabilities of L. acidophilus NCFM, growth was performed on glucose, α-1,4-293 
linked maltooligosaccharides with degree of polymerization (DP) of 2−4, amylopectin, β-limit 294 
dextrin possessing short branches (degradation product from hydrolysis of amylopectin by β-295 
amylase) and pullulan (Fig. 2). L. acidophilus NCFM clearly preferred glucose followed by 296 
maltose, whereas the growth on the larger malto-oligosaccharides was much weaker (Fig. 3A). 297 
Amongst the branched polymeric α-glucans, only β-limit dextrin with the short branches (mainly 298 
maltosyl) seemed to sustain clear, albeit low, growth (Fig. 3A), whereas no significant growth was 299 
observed on pullulan and amylopectin (data not shown). Cells harvested in the late log phase 300 
displayed highest cell-associated pullulanase activity when maltose was used as a carbon source, 301 
but maltotriose, maltotetraose and β-limit dextrin also resulted in a significant pullulanase activity 302 
(Fig. 3B). By contrast no significant activity was detected when the cells were grown on either 303 
glucose or a glucose:maltose 1:1 mixture. No pullulanase activity was detected in the culture 304 
supernatant, i.e. all pullulanase activity measured is entirely associated with the cells. 305 
   The uptake preference of maltooligosaccharides with degree of polymerization 2–4 by L. 306 
acidophilus NCFM was analyzed using a mixture of maltose, maltotriose, and maltotetraose as 307 
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carbohydrate source and the depletion of these saccharides in culture supernatants was monitored. 308 
Maltose was clearly the preferred substrate, but both maltotriose and maltotetraose were also taken 309 
up, albeit at a considerably slower rate (Fig. 3C). 310 
   To verify that the measured cell-associated pullulan hydrolyzing activity stems from LaPul13_14, 311 
the gene encoding this enzyme was deleted and the L. acidophilus NCFM gene KO strain was 312 
grown on glucose or maltose. No cell-associated pullulanase activity was measured from this strain, 313 
although the growth rate on maltose was much higher as compared with wildtype (Fig. 4). 314 
   Enzymatic properties of LaPul13_14. LaPul13_14 was produced recombinantly in E. coli and 315 
purified (yield 0.26 mg g
-1
 cell wet weight) and migrated according to the predicted molecular mass 316 
of 129.4 kDa. The enzyme displayed a very high specific activity of 611 U mg
-1
 toward pullulan 317 
corroborating the predicted specificity. The highest specific activity was measured at pH 5.0, and 318 
the enzyme retained more than 50% of its maximum activity in the pH range 2.5−6.5. The highest 319 
activity was measured at 55°C (at pH 5.0) and the Arrhenius activation energy was determined to 320 
60.2 kJ mol
-1
. 321 
   Kinetic analysis. The kinetic analysis performed on pullulan showed an exceptionally high 322 
catalytic efficiency (kcat/Km) of 10368 ml s
-1
mg
-1
 owing to a combination of a very low Km value 323 
(0.05 mg ml
-1
) and a high catalytic turnover number (kcat, 518 s
-1
) (T). Among the branched 324 
substrates tested, the catalytic efficiency decreased with increasing substrate size and branch length. 325 
Thus, the catalytic efficiency on the branched substrate β-limit dextrin, which has mainly maltosyl 326 
branches, was 14-fold higher than the corresponding value on amylopectin. 327 
   Cyclodextrins are well-known starch mimic molecules that bind tightly in the active sites of 328 
pullulanases resulting in apparent competitive inhibition (41). Interaction of α-, β-, and γ-CD with 329 
LaPul13_14 was determined by SPR analysis. β- and γ-CD had dissociation constants (KD) of 10.8 330 
and 11.2 µM, respectively (  331 
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TABLE 1. Binding of cyclodextrins to LaPul13_14 determined 
by surface plasmon resonance. 
). Interestingly, enzymatic inhibition kinetics analysis with pullulan revealed that the inhibition of 332 
LaPul13_14 with β-CD was not pure competitive inhibition, but was mixed type inhibition giving a 333 
Ki of 35.9 µM. This is an average value of the binding to the active site and possibly other binding 334 
site of lower affinity. The analysis of the binding of the enzyme to granular starch revealed only 335 
very low binding affinity hampering a reliable quantitative measurement (Fig. S1). 336 
 337 
DISCUSSION 338 
Surface layer association proteins mediate attachment of glycan active enzymes and other 339 
functionally important enzymes to the cell envelope in Lactobacillus. L. acidophilus NCFM is one 340 
of the most well-studied gut bacteria, which is ascribed health benefits and used as a commercial 341 
probiotic (42–45). The commercial and physiological relevance of L. acidophilus NCFM has 342 
spurred wide interest in the saccharide uptake and catabolism machinery of this organism to identify 343 
efficiently utilized glycans with potential as prebiotics (25, 46, 47). A few intracellular carbohydrate 344 
active enzymes (CAZymes) from L. acidophilus NCFM have been characterized including those 345 
active on maltose (26) and α-1,6-linked isomaltooligosaccharides (24). However, insight is scarce 346 
into the extracellular CAZymes encoded by this bacterium and related human gut adapted 347 
lactobacilli (27). Recently, the first extracellular glycoside hydrolase from L. acidophilus NCFM 348 
was shown to be a β-N-acetylglucosaminidase autolysin essential for cell division (48). This 349 
enzyme harbors a surface layer association protein (SLAP) domain (Pfam family PF03217 (33)) 350 
that confers noncovalent attachment to the proteinaceous outermost surface layer common in 351 
several lactobacilli (49). SLAP domains also occur at the C-termini of other functionally important 352 
proteins such as autolysins, fibronectin and mucin binding proteins, putative peptidases, nucleases, 353 
glycoside hydrolases as well as polysaccharides lyases according to the Pfam database (33). This 354 
suggests that SLAP domains constitute a general cell attachment scaffold that is fused to a select set 355 
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of activities destined for cell-surface display. The prevalence of this domain in the S-layer 356 
exoproteome of distinct lactobacilli is also in agreement with this role (50). 357 
   In this study, we present the functional characterisation of the SLAP domain-containing enzyme 358 
from L. acidophilus NCFM that is active on starch derived dietary glucans. 359 
   LaPul13_14 is a cell-attached debranching enzyme that exclusively confers the utilization of 360 
branched α-glucans in L. acidophilus. Growth experiments of L. acidophilus NCFM clearly 361 
showed a preference for glucose and maltose as substrates. Low levels of growth was observed on 362 
the longer α-1,4-maltooligosaccharides maltotriose and maltotetraose, and on β-limit dextrin, which 363 
is a model susbtrate that contains only short α-1,6-branches (shown experimentally to be main 2–3 364 
glucosyl units for the substrate used in the present study, Fig. 2). By contrast, very little or no 365 
growth was observed on pullulan and amylopectin that contains longer branches (data not shown). 366 
Since L. acidophilus NCFM is only able to use the debranched maltose from β-limit dextrin, the 367 
energy yield per mass of this substrate is much lower compared to growth on maltose. Therefore, 368 
the observed low level of growth on β-limit dextrin is in agreement with the debranching activity of 369 
the cells and the lack of α-amylase activity that is required for the full-utilization of this susbtrate. 370 
The poor growth on maltotriose and maltotetraose is, however, surprising as these substrates are 371 
predicted to be internalized through a maltodextrin specific ATP-binding cassette (ABC) system 372 
(LBA1864−LBA1867), which is conserved in acidophilus group lactobacilli (24). The 373 
corresponding transporter from the taxonomically related Gram-positive pathogen Streptococcus 374 
pneumoniae mediates the uptake of maltooligosaccharides up to eight units with a preference to 375 
maltotetraose (51). The expression of the ABC uptake system may be affected by an inserted 376 
transposase (LBA1868) that separates the catabolic genes from the transporter in L. acidophilus 377 
NCFM, but not in other lactobacilli (24). Nonetheless, the maltooligosaccharide uptake profile 378 
reveals that maltotriose and maltotetraose are taken up, albeit at a significantly slower rate than 379 
maltose (Fig. 3C) in L. acidophilus NCFM cultures. Growth experiments on two additional L. 380 
acidophilus strains confirmed that the strain possessing the transposase grew similarly poorly as L. 381 
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acidophilus NCFM, whereas the strain that lacks this insertion displayed better relative growth on 382 
maltotriose maltotetraose (Fig. S2). 383 
   Despite the weak growth, pullulanase activity was reliably measured during growth on 384 
maltotriose, maltotetraose and β-limit dextrin, but not on glucose (Fig. 3B). The pullulanase activity 385 
was detectable only in the cell fraction, providing evidence that the enzyme is cell attached. Thin 386 
layer chromatography analysis on samples from the pullulan assays with the cell fraction confirmed 387 
the pullulanase type debranching activity since the sole end product released was maltotriose. This 388 
precluded other enzymatic activities (e.g. neopullulanase or α-glucosidase) being responsible for the 389 
increase in reducing sugars from pullulan degradation (Fig. S3). The only predicted extracellular 390 
pullulanase in L. acidophilus NCFM is LaPul13_14 (locus tag LBA1710) (28). The inactivation of 391 
the gene encoding this enzyme abolished the cell attached pullulanase activity, providing 392 
compelling evidence that LaPul13_14 is the sole extracellular α-glucan debranching enzyme in L. 393 
acidophilus NCFM (Fig. 4). 394 
   The gene encoding LaPul13_14 resides on a separate locus than the maltodextrin utilization 395 
cluster (26). The repression of pullulanase activity in the presence of glucose is suggestive of 396 
regulation through global catabolite repression (52). Indeed, this enzyme was not identified in the 397 
exoproteome of L. acidophilus NCFM grown on glucose in a recent proteomic analysis of S-layer 398 
associated proteins (50). A similar observation was made in a proteome analysis of L. acidophilus 399 
NCFM grown on raffinose, where LaPul13_14 was repressed in the presence of glucose (53), but 400 
was clearly detectible in the presence of raffinose suggesting a level of constitutive expression of 401 
the enzyme in the absence of glucose.  402 
   LaPul13_14 confers efficient targeting of small branched α-glucans. Given the dominance of 403 
starch in human nutrition, the metabolism of this glucan by the HGM has been subject to extensive 404 
studies. Ruminococcus bromii has been identified as the primary degrader of resistant starch in the 405 
human gut (23), although Bifidobacterium adolescentis strains were also reported to possess growth 406 
capabilities on this substrate (15). Major commensals from the Bacteroides genus (54) and the 407 
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butyrate producing Firmicutes Eubacterium rectale (14) are other HGM with considerable starch 408 
growth and degradation capabilities. Common to these bacteria is that they possess highly modular 409 
extracellular cell-attached enzymes with one or more catalytic modules and multiple carbohydrate 410 
binding modules (CBMs), which mediate tight binding to starch substrates. 411 
   Only a few Lactobacillus strains have been demonstrated to utilize only soluble starch (18, 19, 412 
55). This is in agreement with the rare occrence of genes encoding extracellular α-glucan enzymes 413 
in this genus (1.6% or 11 out of 696 GH13 genes). Notably, only four Lactobacillus species encode 414 
these extracellular enzymes: L. acidophilus, Lactobacillus amylovorus, Lactobacillus plantarum, 415 
and Lactobacillus manihotivorans (Table S1). L. plantarum and L. amylophilus GV6 possess 416 
amylopullulanases (pullulanase type II) that degrade both α-1,4- and α-1,6-branches in starch (56–417 
58). Notably, these starch utilizing strains stem from other ecological niches than the human gut. By 418 
contrast, LaPul13_14 and its homologues that display an identical domain organization, represent 419 
the main extracellular amylolytic activity in human gut lactobacilli (Table S1). This unique modular 420 
organization and the presence of the SLAP domain in gut lactobacilli, raise a question on the 421 
importance of these enzymes in the gut niche. 422 
 The lack of activity of LaPul13_14 on granular starch and the very weak binding to this substrate 423 
(Kd >40 mg ml
-1
, Fig. S1) are in line with the lack of growth of L acidophilus NCFM on starch. By 424 
contrast, the enzyme binds the starch mimic β-CD with moderate affinity (Table 2). This molecule 425 
occupies the conserved +2 substrate binding subsite in pullulanases, thus acting as a competitive 426 
inhibitor (41). Our β-CD inhibition kinetics data on pullulan reveal an inhibition constant Ki=36 427 
µM, which is in the same range as the Kd obtained from surface plasmon resonance binding 428 
experiments (Table 2). More interestingly, the inhibition was not purely competitive but was of 429 
mixed nature (Fig. S4), indicative of the presence of additional α-glucan surface binding sites. The 430 
glucan-binding residues in the CBM41 of the pullulanases from Streptococcus pneumoniae (59) are 431 
conserved in L. acidophilus NCFM. This makes the CBM41 a plausible candidate for the additional 432 
α-glucan binding in LaPul13_14. A possible rationale for this additional binding in LaPul13_14 is 433 
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to increase substrate affinity by increasing the local substrate concentration in the proximity to the 434 
active site. Strikingly, the Km of LaPul13_14 towards pullulan is the lowest reported for any 435 
debranching enzyme (Table S2), which attests adaptation of the susbtrate affinity to the competitive 436 
human gut niche. The clear preference for substrates with short branches of about two−three 437 
glucose units (Table 1) may provide a metabolic advantage for L. acidophilus, which is able to take-438 
up and metabolize these substrates. Based on the kinetic parameters, the most likely substrates for 439 
LaPul13_14 are short branched α-glucans that are generated from the action of α-amylases on starch 440 
or glycogen. Given the poor digestibility of branched α-glucans by human enzymes and the 441 
abundance of lactobacilli in the small intestine (16), this enzyme may act on branched oligomeric 442 
substrates from human degradation of dietary starch or glycogen (Fig. 5). Such an advantage may 443 
explain the enrichment of this debranching activity in human intestinal isolates. Taken all together, 444 
the study suggests that debranching enzyme of gut lactobacilli are evolved for efficient breakdown 445 
of short branched α-glucans. The high substrate affinity may facilitate access to substrates that 446 
escape human or microbial metabolism of starch and glycogen. Further work is required to relate 447 
the in vivo functionality of these enzymes to gut adaptation of lactobacilli urther work is required to 448 
verify this. 449 
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TABLES 622 
TABLE 1. Hydrolysis kinetic parameters of LaPul13_14 towards oligomeric and polymeric 
α-1,6-branched glucans at 37°C and pH 5.0. 
Substrate Km kcat kcat Km
-1
 Normalized kcat Km
-1
 
     
 mg ml
-1
 s
-1
 ml s
-1
 mg
-1
  
Pullulan 0.05±0.004 518±10.5 10368 100 
Amylopectin 0.37±0.041 25±0.7 67 0.6 
β-limit dextrin 0.20±0.090 189±15.8 945 9 
6
2
-α-D-maltosyl maltotriose 0.33±0.040a 378±18.0b 1145c  
a 
mM; 
b 
s
-1
; 
c 
mM
-1
s
-1
 
   
 
  623 
28 
 
TABLE 1. Binding of cyclodextrins to LaPul13_14 determined 
by surface plasmon resonance. 
Cyclic Ligand pH Temperature 
(°C) 
KD (µM) 
α-CD 5.0 25 89.0 
γ-CD 5.0 25 11.2 
β-CD 5.0 25 10.8 
β-CD 5.0 15 7.2 
β-CD 5.0 37 29.9 
β-CD 7.0 25 21.8 
  624 
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FIGURES 625 
FIG 1 Domain organization of LaPul13_14. The abbreviations are: SP, signal peptide; CBM41, 626 
starch binding module of CBM41 in the CAZy database; N-dom, N-terminal domain of unknown 627 
function; CBM48, starch binding module of CBM48; GH13_14, catalytic module assigned into 628 
glycoside hydrolase family 13 subfamily 14; C-terminal domain conserved in pullulanases of 629 
GH13; SLAP, surface layer association protein domain. 630 
FIG 2 Schematic overview of α-glucans included in the present study. α-1,4-linked glucose units 631 
are shown as linear hexagons and α-1,6-linkages are depicted as horizontal short segments between 632 
the glucosyl unit hexagons with the reducing end depicted as a white hexagon. The small branched 633 
α-limit dextrin is resembling the one used in this study. -Limit dextrin, produced from -amylase 634 
hydrolysis of amylopectin is used to provide experimental evidence for the preference of the 635 
LaPul13_14 to short branches compared to amylopectin. 636 
FIG 3 (A) Growth of L. acidophilus NCFM on different α-glucans and (B) the relative cell-637 
associated pullulan hydrolyzing activity of L. acidophilus NCFM cells harvested after 10 h of 638 
growth on the α-glucans shown in (A). (C) Growth of L. acidophilus NCFM on a total of 0.5% 639 
(w/v) mixture of maltose, maltotriose, and maltotetraose (1:1:1 based on weight), and its utilization 640 
of the substrates was analysed by HPAEC-PAD. Only the debranched mainly maltose and 641 
maltotriose are used from β-Limit dextrin during growth on this substrate, which explains the much 642 
lower degree of growth per mass substrate as compared to maltose.  643 
FIG 4 (A) Comparison of the growth of wildtype L. acidophilus NCFM and the LaPul13_14 gene 644 
deletion strain (LBA1710) on glucose or maltose, and (B) the cell-associated pullulan hydrolyzing 645 
activity of cells harvested after 10 h of growth. 646 
FIG 5 Schematic overview of the extracellular α-glucan metabolism of L. acidophilus NCFM. The 647 
cell-attached pullulanase activity of LaPul13_14 mediates the debranching of preferentially smaller 648 
branched oligomers that possibly are products from human or bacterial degradation of amylopectin, 649 
which is signified by a dashed line. The produced maltose and short maltooligosaccharides are 650 
30 
 
taken up by one or more specific transporters and degraded intracellularly by the enzymes encoded 651 
by the maltooligosaccharide utilization locus to produce β-glucose-1-phosphate and glucose, which 652 
enter glycolysis (26). 653 
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Table S1. Predicted extracellular enzymes (SignalP (1)) of GH13 from available Lactobacillus genomes. 
Genbank 
accession 
Organism 
GH13 
subfamily
a
 
SLAP 
domain
b
  
Isolate origin 
AAV43522 L. acidophilus NCFM 14 + Human gut 
AJP47013 L. acidophilus FSI4 14 + Yogurt 
AGK94861 L. acidophilus La-14 14 + Human gut 
ADZ06675 L. amylovorus 30SC 14 + Porcine gut 
ADQ58495 L. amylovorus GRL1112 14 + Porcine gut 
AEA31469 L. amylovorus GRL1118 14 + Porcine ileum 
AAC45781 L. amylovorus CIP 102989 28 - Cattle (waste-corn fermentation) 
AAD45245 L. manihotivorans LMG 18010T 28 - Cassava 
AAC45780 L. plantarum A6 28 - Cassava 
BAF93906 L. plantarum L137 14 - Fermented food 
AHX97726 L. plantarum S21 28 - Fermented rice noodles 
aSubfamily classification in the CAZy data base (www.CAZy.org). 
bThe occurrence of a surface layer association protein domain in the enzyme is denoted by “+” 
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Table S2. Comparison of kinetic parameters of pullulanases. Purple, GH13_13, i.e. enzymes mainly acting on 
-limit dextrins; Blue, GH13_14, i.e. enzymes with activity on -limit dextrins as well as the polymeric -
glucans amylopectin and glycogen; Orange, Unclassified/no protein sequence in CAZy. The enzyme from L. 
acidophilus NCFM displays the highest catalytic efficiency for any debranching enzyme owing to an 
unprecedented low Km. 
Organism 
pH, 
temperature 
Km 
mg ml-1 
kcat 
s-1 
kcat/Km 
ml s-1 mg-1 
Reference 
PULLULAN      
Barley (Hordeum vulgare) 5.5, 37°C 0.081±0.003 61±13 753 (2) 
Klebsiella pneumoniae, 5.0, 40°C 0.017 103.3 6076 (3) 
Klebsiella pneumoniae 5.4, 37°C 0.617 116 188 (4) 
Rice (Oryza sativa L. japonica) 6.0, 37°C 0.625 23.1 37.0 (5) 
Spinach (Spinacia oleracea) 6.0, 37°C 0.78/0.70   (6, 7) 
Anaerobranca gottschalkii 8, 60°C 0.75   (8) 
Bacillus acidopullulyticus 5.0, 70°C 4.0   (9) 
Bacillus deramificans 4.5, 60°C 0.70±0.02 1900.4±103.5 2712.9±121.6 (10) 
Bacillus subtilis strain 168 5.4, 37°C 1.284 97 75.5 (4) 
Exiguobacterium sp. SH3 7.0, 37C 0.069   (11) 
Fervidobacterium pennavorans 6.0, 80°C 0.4   (12) 
Lactobacillus acidophilus NCFM 5.0, 37°C 0.05±0.004 518.4±10.5 10368 This study 
Paenibacillus barengoltzi 5.5, 50°C 2.94   (13) 
Paenibacillus polymyxa Nws-pp2 6.0, 35°C 15.25   (14) 
Bacillus cereus Nws-bc5 7.0, 40°C 0.45   (15) 
Bacillus megaterium WW1210 6.5, 55°C 3.3±0.25   (16) 
Bacillus naganoensis 4.5, 60°C 1.22±0.11 0.72±0.01 0.59 (17) 
Bacillus sp. AN-7 6, 80°C 1.3   (18) 
Bacillus sp. S-1 9.0, 50°C 7.92   (19) 
Thermoanaerobacter thermohydrosulfuricus 
(Clostridium thermohydrosulfuricum) 
6.0, 60°C 0.675 271 410 (20) 
Exiguobacterium acetylium a1/YH5 6.0, 50°C 0.120.02   (21) 
Lactococcus lactis IBB 500 4.5, 60°C 0.34±0.02   (22) 
Oat (Avena sativa) 5.0, 30°C 0.17   (23) 
Sorghum bicolor 5.0, 30°C 0.2   (24) 
Sugar beet (Beta vulgaris var. altissima)  5.6, 37°C 0.31   (25) 
Thermus caldophilus GK-24 7.0, 73°C 0.42   (26) 
POTATO AMYLOPECTIN      
Barley (Hordeum vulgare) 5.5, 37°C 6.9±1.0 15.6±1.2 2.3 (27) 
Klebsiella pneumoniae 5.5, 40°C 10.1 14.1  (3) 
Rice (Oryza sativa L. japonica) 6.0, 37°C 1.538   (5) 
Spinach (Spinacia oleracea) 6.0, 37°C 7   (6, 7) 
Lactobacillus acidophilus NCFM 5.0, 37°C 0.37±0.041 24.9±0.7 67 This study 
Bacillus megaterium WW1210 6.5, 55°C 3.6±0.18   (16) 
Bacillus sp. S-1 9.0, 50°C 1.63   (19) 
Broad bean (Vicia faba L.) 30°C 1.2   (28) 
Oat (Avena sativa) 5.0, 30°C 1.4   (23) 
Sugar beet (Beta vulgaris var. altissima) 5.6, 37°C 4.55   (25) 
AMYLOPECTIN -LIMIT DEXTRIN      
Broad bean (Vicia faba L.) 30°C 1   (28) 
Sorghum bicolor 5.0, 37°C 2.5   (24) 
Lactobacillus acidophilus NCFM 5.0, 37°C 0.20±0.090 189±15.8 945 This study 
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Fig. S1. Maximal growth of three L. acidophilus strains on maltooligosaccharides and β-limit dextrin relative to 
the maximal growth on glucose. L. acidophilus NCFM and L. acidophilus DSM-20242 have a comparable 
maltooligosaccharides utilisation gene cluster, i.e. they have a transposase included in the cluster. The L. 
acidophilus DSM-9126 does not have a transposase in its maltooligosaccharides utilisation gene cluster, and is 
likely to have an intact expression of the ATP-binding cassette transporter. 
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Fig. S2. Thin layer chromatography analysis of the degradation product from whole cell assay with pullulan. 
The standard mix (STD mix) consists of 20 mM of (mentioned from the top); glucose, maltose, maltotriose, 
panose. Furthermore, 20 mM panose and 20 mM maltotriose were spotted separately. The plate clearly shows 
the exclusive release of maltotriose after 19 h (first lane on the right side of the plate), confirming the 
pullulanase activity. 
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Fig. S3. Binding of LaPul13_14 to starch granules. The data is from four replicate experiments. The solid line is 
the fit of a one binding site model to the data, with the Bmax and the Kd as the maximum binding capacity and 
dissociation constant, respectively. 
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Fig. S4. Inhibition kinetics of LaPul13_14 on pullulan by β-cyclodextrin (50 M). Two different inhibition 
models are shown. The solid and hollow circles represent the initial rates in the absence and the presence of β-
cyclodextrin, respectively.  The solid lines represent the fit to: (A) a competitive inhibition model and (B) mixed 
inhibition model.  The competitive inhibition model results is systematic poor fits to the data, whereas the data 
is well modelled by a mixed inhibition model, which is the best model also as compared to a non-competitive 
inhibition model (not shown). 
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